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Synaptic veSicle poolS under different Stimulation paradigmS
An intuitive model of pool structure originally assumed that pool affiliation depended on vesicle localization within the terminal, with the RRP located directly at the active zone, the recycling pool just behind, and the reserve pool farther away from the active zone ( Figure 1A) . The first doubts were cast on this model from a nonsynaptic perspective, in studies of chromaffin cells. These cells employ an exocytotic machinery which is similar to that of conventional synapses, although the vesicles they release are very different from those of most synapses (dense-core vesicles, rather than small clear-core, neurotransmitter-filled vesicles). A pool model derived from experiments with laser photolysis of caged-calcium (which raises the calcium inside the cells instantly, and allows monitoring the ensuing release by capacitance recording) indicated that at least three pools participate in release: an RRP (providing a fast burst of release), a slowly releasable one (resulting in a slower release burst, which is nevertheless completed in less than one second after the calcium increase), and finally an unprimed pool, which releases slowly and constantly over many seconds (reviewed by Rettig and Neher, 2002) . Clearly, no difference in positioning (at the plasma membrane) could explain the different release rates, with the calcium rise not linked to entry through calcium channels in the plasma membrane.
The concept that synaptic vesicles are not all functionally equivalent has been introduced almost fifty years ago by the investigations of Birks and MacIntosh (1961) in cat sympathetic ganglia: some vesicles were more easily released than others. In the meantime, the concept has been expanded to essentially all major synaptic preparations, including synapses as different as the Drosophila larval neuromuscular junction (NMJ), goldfish retinal bipolar cells, the frog NMJ, the mammalian calyx of Held (a giant synapse in the auditory system), and cultured hippocampal synapses. For all these preparations, three major synaptic vesicle pools have been proposed: a readily releasable pool (RRP), a recycling pool and a reserve pool (Rizzoli and Betz, 2005) . The recycling pool consists of the synaptic vesicles which recycle upon moderate (physiological) stimulation, typically about 10-20% of all vesicles. The RRP consists of the ("lucky") recycling pool vesicles which find themselves docked and primed for release; these are the vesicles released immediately upon stimulation. Finally, the reserve pool hosts vesicles which are reluctant to release, and which are therefore only recruited upon high-frequency stimulation, after depletion of the recycling pool ( Figures 1A,B) .
The synaptic vesicle pool field has advanced substantially in recent years. We focus on several recent findings throughout this review. First, the concept of three different vesicle pools has been originally developed almost exclusively from high-frequency stimulation experiments. It is therefore worth discussing whether the three-pool paradigm also holds true under lower (more physiological) stimulation conditions. Second, several additional vesicle "pools" have been suggested (largely overlapping with the previously described pools): the spontaneously releasing pool, suggested to host vesicles responsible for spontaneous release (Sara et al., 2005) ; the stranded vesicle pool, containing vesicle proteins corresponding to fused synaptic vesicles (Wienisch and Klingauf, 2006) ; and the "super-pool", composed of vesicles which are exchanged between neighboring Such experiments were also performed in synapses such as the calyx of Held (Schneggenburger et al., 1999; Schneggenburger and Neher, 2000; Bollmann et al., 2000 ; reviewed by Schneggenburger et al., 2002; Schneggenburger and Neher, 2005) . The calcium rise caused the release of an RRP of definite size, although, as in chromaffin cells, this pool may not be completely homogeneous. Nevertheless, most vesicles contained within the RRP were released within a few milliseconds, so could only have been docked at the active zones (i.e., in the vicinity of the calcium channels).
However, morphological studies of pool localization indicated a strong intermixing between the reserve and recycling pools. Therefore, while one of the components of the intuitive model remains valid (the RRP vesicles have a privileged position, docked at active zones), all other vesicles are scattered throughout the synapse ( Figure 1B ) (Rizzoli and Betz, 2005) . Note that this implies another important difference versus the intuitive model: not all synaptic vesicles docked at the active zones will necessarily be rapidly releasable (or even releasable). In the frog NMJ the active zones were largely occupied by vesicles which did not (and likely could not) release during physiological stimulation (Rizzoli and Betz, 2004) , with a similar phenotype in Drosophila NMJs (Denker et al., 2009) .
While closer to the functional morphology of the synapse, this model is nevertheless still derived from strong stimulation experiments (typically > 10 Hz for many seconds). Undoubtedly, in many preparations stimulation triggers first the release of "fast" vesicles (the RRP), followed by slower-releasing ones (recycling pool/ reserve pool; for example in human intercostal muscle, Elmqvist and Quastel, 1965 ; the Drosophila NMJ, Delgado et al., 2000 ; and the rat calyx of Held, Schneggenburger et al., 1999; Scheuss et al., 2002) . However, defining vesicle pools based on high-frequency stimulation poses one major problem: stimulation frequencies of 10-100 Hz are not physiologically relevant for conventional synapses, especially when applied for many seconds or minutes.
Strong stimulation provided a seemingly irrefutable proof for the presence of the reserve pool, as it often left a proportion of the vesicles unreleased (a "resting" reserve pool). Resting vesicles (at least ∼50% of all vesicles) have been observed, for example, in cultured hippocampal neurons (Harata et al., 2001a,b; FernandezAlfonso and Ryan, 2008; Opazo et al., 2010) , the mouse NMJ The classical model of three distinctly localized synaptic vesicle pools. The readily releasable pool (RRP; depicted in red) consists of the vesicles docked at the active zone and primed for release. After depletion of the RRP, the recycling pool vesicles come into play (green): these vesicles were thought to be located directly behind the RRP. Under moderate stimulation conditions, they are recruited to the active zone (left arrow) and released. Very high stimulation causes the depletion of the recycling pool and recruits the reserve pool vesicles (blue) from areas even further away from the active zone (right arrow). (B) A pool model taking into account the spatial intermixing of vesicles (Rizzoli and Betz, 2005) . In contrast to the previous model, in which localization within the nerve terminal determines release kinetics and consequently pool affiliation, here the recycling and reserve pool vesicles are thought to be spatially (but not functionally) intermixed. Upon arrival of an action potential, RRP vesicles (which are in this model only the "lucky" recycling pool vesicles finding themselves docked and primed at the active zone) are released first, followed by release of recycling pool vesicles (right arrow). As above, continuous stimulation at high-frequency results in recycling pool depletion and recruitment of reserve pool vesicles (left arrow). (C) A new pool model implementing recent findings. As above, recycling and reserve pool vesicles are thought to be spatially intermixed, but display different mobilities: recycling pool vesicles are highly mobile; the movement of reserve pool vesicles is restricted by binding to some scaffolding molecule. With time, recycling pool vesicles can "mature" into reserve pool vesicles, by binding the scaffolding molecule(s) and integrating into the vesicle cluster, as indicated by the green-blue intermediate forms. These are not connected to the cluster as tightly as the reserve pool vesicles (indicated by single or double bonds).
Recycling pool vesicles reach the active zone, due to their permanent mobility; stimulation does not "move" them toward the active zone, it just allows them to fuse. Furthermore, the surface pool of fused vesicles is indicated; they would be endocytosed to form part of the recycling pool (see main text). The frequent exchange of both recycling and reserve vesicles between synapses forms what has been termed a super-pool (see main text).
upon stimulation is described in Figure 2 (in Figure 2A under strong, unphysiological stimulation, and in Figure 2B under lowfrequency stimulation). We chose the term "mature" for the reserve pool, as the recycling vesicles turn into reserve vesicles over time, while it is likely that the reserve vesicles cannot simply transform into recycling vesicles. The reserve vesicles only appear to become part of the recycling pool after exo-and endocytosis, i.e., after a vesicle reformation step (see detailed discussion below, under the Section Vesicle Mobility). Therefore, in the life cycle of one vesicle (between endocytosis and re-release), the reserve pool status is the latest step, the "maturity".
In agreement with this model, recently endocytosed (i.e., recycling pool) vesicles have been shown to be quite mobile in hippocampal cultures, whereas this mobility is subsequently lost within the next minutes or hours, as the newly endocytosed vesicles integrate into the general vesicle cluster (Kamin et al., 2010) . This change in mobility might well represent the maturation into less mobile reserve pool vesicles (Gaffield et al., 2006) . Importantly, this new model of constant exchange between the recycling and reserve pool also implies that a putative molecular tag defining pool affiliation associates with the vesicles only temporarily and/or might display a gradual distribution among the vesicles (this issue will be further discussed below).
A word of caution on the stimulation procedures/stimulation results: while most synapses do not enjoy very high rates of activity under normal circumstances, transmission in sensory systems is much stronger than in conventional synapses. The calyx of Held, functioning in the auditory pathway, is normally active at 25 Hz in vivo (Hermann et al., 2007 (Hermann et al., , 2009 , and can be active also at much higher rates (up to 1000 Hz!). To cope with such activity, the calyx of Held is a very large synapse, containing tens of thousands of vesicles and hundreds of active zones (Sätzler et al., 2002) . Interestingly, it still seems to have a rather small quantal content in vivo (less than 20 vesicles, Lorteije et al., 2009) , indicating that very few of its ∼550 active zones (Sätzler et al., 2002) release a vesicle at any one time. In other words, while this synapse is active at very high rates, each of its active zones may act as a "conventional" synapse, in that it releases one vesicle rather rarely. Nevertheless, this synapse is possibly the best suited synapse for high-frequency stimulation studies.
Ribbon synapses are a key component of the sensory pathways, and perhaps they represent the "true" strongly-releasing synapses (see for example reviews by von Gersdorff and Matthews, 1999; Guatimosim and von Gersdorff, 2002; Moser et al., 2006; Nouvian et al., 2006) . A specialized "ribbon" structure, made of densely packed proteins and assembled in front of the release sites, is used in guiding vesicles to the release sites (although other interpretations are possible, see Parsons and Sterling, 2003) . These synapses release continuously, with vesicles coming from a large (or very large -hundreds of thousands of vesicles) reserve pool. The vesicles are recycled and may eventually find themselves on the ribbons, but selective re-use of a recycling pool is not apparent; it seems more likely that they recycle back to the reserve pool, from which they may bind the ribbons (Rizzoli and Betz, 2005) . Finally, all vesicles are mobile in these synapses (in conventional synapses only the recycling pool is mobile, see below), in good agreement with the fact that ribbon synapses lack synapsin, a protein cross-linking vesicles (Wyatt and Balice-Gordon, 2008 ) and the rat calyx of Held (de Lange et al., 2003) . In other preparations virtually all vesicles recycle upon strong stimulation, as in the frog or Drosophila NMJs (Richards et al., 2000; Rizzoli and Betz, 2004; Bykhovskaia, 2007, 2009; Denker et al., 2009 ). Nevertheless, also in these preparations a distinction between recycling and reserve pool vesicles could be made when employing milder stimulation (still somewhat above the physiological range of the preparations, as for high potassium depolarization or 5 Hz stimulation): a large (50-80%) proportion of the vesicles remained unused (Kuromi and Kidokoro, 1998 Richards et al., 2003) .
How do these differences between the pools fare under physiological frequencies of stimulation? Importantly, pool-defining experiments have been typically performed not only at high intensities of stimulation, but also over a relatively short timeon the order of minutes. Using low frequencies of stimulation over many minutes or hours (as in a living organism) has resulted in a somewhat different picture: Ceccarelli et al. (1972) indicated that nearly all vesicles had undergone recycling at least once during 6-8 h of continuous 2 Hz stimulation in the frog NMJ. In the same preparation, vesicles that were fluorescently labeled by styryl dye uptake during recycling at high frequencies (10 Hz; thereby involving both recycling and reserve pool vesicles), could subsequently be unlabeled during 30 min stimulation at much lower frequency (2 Hz) (Betz and Henkel, 1994) . Conversely, when the recycling pool vesicles were specifically labeled in the frog NMJ by a short 30 Hz stimulation pulse, 30% of them became reluctant to release within several minutes of rest, i.e., they lost the recycling pool status (Rizzoli and Betz, 2004) . In hippocampal cultures, stimulation at 0.2 Hz for several minutes released what seems to be the majority of the vesicles, despite their reluctance to release upon stronger stimulation (Ikeda and Bekkers, 2009 ). In the temperature-sensitive Drosophila dynamin mutant shibire (Koenig et al., 1983; Koenig and Ikeda, 1989) and in mouse dynamin knockouts (at least for inhibitory synapses, Hayashi et al., 2008) inhibition of vesicle recycling (but not release) depletes large amounts of vesicles upon weak stimulation or spontaneous synapse activity, indicating that the reserve pool will be recruited upon depletion of the recycling pool, even in the absence of intense stimulation.
One is forced to conclude that under physiological stimulation the distinction between the recycling and reserve vesicles is not as evident as under strong stimulation. The intermixing of the two pools is slow enough to allow their differentiation under short stimulation protocols, but it is too fast to see two different pools under slow, long-lasting stimulation.
To account for both high-frequency and physiological stimulation, we propose a further refinement of the pool model: a recycling pool of vesicles does exist, and the recycling pool vesicles docked at active zones form the RRP, as we proposed in the past. However, the differentiation between the recycling and reserve vesicles is not permanent; the recycling vesicles may re-release several times, maintaining the recycling pool status, but they will eventually "mature" into reserve vesicles, over a timescale of minutes or hours ( Figure 1C ). Docked reserve vesicles will occasionally exocytose, thus acquiring recycling pool status, and replacing the recycling vesicles which have switched to reserve status. The pool behavior fluoresce brightly (for instance a 20-fold increase in fluorescence was detected for pHluorin fused to the lumenal domain of synaptobrevin, Sankaranarayanan et al., 2000) . Upon vesicle retrieval and reacidification, the fluorescence is again quenched, thus allowing the monitoring of both exo-and endocytosis.
However, this dual property of monitoring both exocytosis and endocytosis also reflects one of the major difficulties of this technique: one generally visualizes only a net change in fluorescence, representing a combination of both release and retrieval. Therefore, information on vesicle pools could only be obtained from studies which employed inhibitors of the vesicular proton pump, such as bafilomycin, thereby preventing vesicle reacidification and allowing for the recording of a cumulative exocytotic signal. Interestingly, in cultured hippocampal neurons, a rapid initial rise in fluorescence has been often observed, possibly corresponding to the release of the RRP, followed by slower exocytosis, most likely corresponding and perhaps involved in their immobilization in clusters (see below). Thus, large size, large vesicle numbers, special "conveyor belts" for release (ribbons), and finally high vesicle mobility all contribute to giving ribbon synapses the ability to release vesicles constantly, under conditions which would be highly unphysiological for conventional synapses.
evidence from pHluorins confirmS tHe tHree-pool model
One technique which has strongly advanced and expanded within the last few years is the visualization of vesicle exo-and endocytosis by pHluorins (although pHluorins were introduced already in 1998, Miesenbock et al., 1998) . pHluorins are pH-sensitive GFP variants, generally fused to the lumenal domain of synaptic vesicle proteins. They are quenched by the internal pH of the resting vesicle (∼5.6), and upon exocytosis (upon the shift to neutral pH) they Further stimulation results in the recruitment and release of recycling pool vesicles (green), with release kinetics slower than for the RRP (as the recycling pool vesicles still need to reach the active zone and undergo docking and fusion before exocytosis). When high-frequency stimulation continues, the reserve pool vesicles are finally released (blue), displaying even slower release kinetics than the recycling pool. Therefore, a tri-phasic exocytosis process is observed. When the stimulation has ceased, vesicle components are retrieved from the plasma membrane and the three vesicle pools are reformed (vacant RRP positions are refilled as some recycling pool vesicles dock at the active zone). The lower panels indicate summed release. (B) Physiological stimulation does not allow for the distinction of separate vesicle pools. Upon arrival of an action potential, some of the (RRP) vesicles docked at the active zone are released. However, the mild stimulation paradigm employed allows for a recovery phase, during which these vesicles are retrieved as recycling pool vesicles. They can then either transform into reserve pool vesicles (indicated by the green-blue gradient) or maintain their recycling pool status. Repeated action potentials cause further release of vesicles docked at the active zone. Occasionally, a reserve pool vesicle docked at the active zone will also undergo fusion with the plasma membrane. Upon endocytosis, it will replenish the recycling pool. As no differences in release kinetics can be observed, distinct vesicle pools are not evident from the summed release (indicated by the lower panels). Note that it is also possible that the reserve pool vesicles join the recycling pool before fusion, rather than fusing and becoming recycling vesicles only after endocytosis (not indicated in the graphs); there is currently no evidence for this model that we are aware of (see main text for details).
which would leave few vesicles specialized for spontaneous release. Conversely, prolonged spontaneous release in absence of recycling removes most vesicles in the frog NMJ (Henkel and Betz, 1995; Rizzoli and Betz, 2002) . Also, the two types of release are regulated by similar means; for example, both are enhanced upon increased calcium concentration (see Angleson and Betz, 2001; Sara et al., 2005) . As mice with defective copies of synaptotagmin I, the major calcium sensor of synchronous neurotransmitter release, did not display any changes in spontaneous release (Geppert et al., 1994) , it is highly likely that a different molecule is the calcium sensor for spontaneous release (Groffen et al., 2010) -with the same vesicles perhaps using both sensors. Finally, a further method of stimulation, application of hypertonic solution, releases both the RRP (Rosenmund and Stevens, 1996) and spontaneously recycling vesicles (Kashani et al., 2001) . Direct evidence for an isolated spontaneously recycling pool has been gained recently by studies involving styryl (FM) dyes. In hippocampal cultures, vesicles labeled with the styryl dye FM 2-10 under spontaneous recycling were reluctantly destained (re-released) upon stimulation (Sara et al., 2005) . Furthermore, inhibiting the refilling of spontaneously recycling vesicles with neurotransmitter (by applying a vesicular proton pump blocker, folimycin) specifically depleted the spontaneously recycling vesicles, without affecting stimulated release. However, the notion of two distinct vesicle pools driving spontaneous and activity-dependent release was contested shortly afterwards, in similar experiments; using improved imaging/analysis protocols, and relying on the brighter dye FM 1-43, Groemer and Klingauf (2007) demonstrated that stimulation can re-release efficiently both spontaneously labeled and actively labeled vesicles, while application of folimycin during stimulation depleted neurotransmitter release from both actively recycling and spontaneously recycling vesicles (with the latter conclusion also being supported by experiments from an additional investigation, Ikeda and Bekkers, 2009 ). Thus, although the experiments performed in this study were not precisely identical to those from the first one (Sara et al., 2005) , the contradiction was clear and direct.
Recently, this issue has been readdressed (Chung et al., 2010) ; interestingly, it appeared that FM 2-10, but not FM 1-43, selectively labels spontaneously recycling vesicles. It is difficult to pinpoint how this is achieved. Differences between the hydrophobicities of FM dyes have been used in the past to label different vesicle pools (Richards et al., 2000) , although the differences were assigned to FM 2-10, but not FM 1-43, washing from membrane infoldings which gave rise to the reserve vesicles; if enough time was given for the infoldings to bud the reserve vesicles, no wash-off of FM 2-10 could take place, and the pools were labeled identically with the two dyes. As no rapid wash-off appears to take place with spontaneous recycling (where the dye is applied for many minutes), the difference between FM 2-10 and FM 1-43 possibly relies on another parameter (although mechanisms involving wash-off from infoldings, and/or penetration into membrane recycling intermediates could still play a significant role). One other difference between labeling with FM 2-10 and FM 1-43 can be suggested when comparing the concentrations of the dyes used -FM 2-10 is used at 400 μM, while FM 1-43 is used at or below 10 μM. With the FM dyes acting as detergent molecules, they perturb vesicle dynamics to the release of the recycling pool (Sankaranarayanan et al., 2000; Fernandez-Alfonso and Ryan, 2004; Fredj and Burrone, 2009) ; note that this parallels the rapid initial FM destaining followed by a slower release phase observed in most synapses. Importantly, the pHluorin method allows for a very precise estimation of vesicle pool sizes (Fernandez-Alfonso and Ryan, 2008; Fredj and Burrone, 2009 ): synapses were strongly stimulated to release the total pool of recycling vesicles, and the remaining (unreleased) vesicles were revealed by neutralizing their pH with ammonia (Roos and Boron, 1981) . The proportion of "non-releasable" vesicles was around 50%, similar to values obtained by investigating native synaptic vesicle proteins by immunostaining (Opazo et al., 2010) . When considering such estimates, one should however keep in mind that the ammonia treatment does not reveal the nature of the quenched organelles. Although the simple suggestion is that they represent the "resting" reserve vesicles, other types of vesicles/organelles could also be involved -especially as the pHluorin construct of the plasma membrane protein syntaxin 1 is also found partially in non-releasable organelles (Mitchell and Ryan, 2004) .
The results from pHluorin experiments seem to agree well with the three-pool model: synapses contain a releasable pool, displaying fast initial release (likely due to vesicles docked at the active zone) and a slower release afterward (recycling pool). A substantial "reluctant" pool exists -the reserve pool. Exocytosis from this non-releasable pool may be induced through lower frequency stimulation (in what would mean that pHluorins also report the intermixing of the recycling and reserve pools upon physiological stimulation). When stimulating hippocampal neurons continuously at 5 Hz for 3 min (900 action potentials) in bafilomycin, fluorescence increased linearly to almost the levels reached by a 30 Hz stimulation pulse thought to release the entire recycling pool (900 action potentials, Fernandez-Alfonso and Ryan, 2004). It is possible that longer stimulation at low frequency would have resulted in a further increase in fluorescence, recruiting vesicles from the reserve pool, as in the electrophysiology experiments of Ikeda and Bekkers (2009) -an idea which still awaits thorough testing.
"new" poolS: tHe controverSy on tHe SpontaneouSly releaSing pool
Spontaneous vesicle fusion is a phenomenon observed at all synapses. This observation has been fundamental for understanding synaptic transmission, as it forms the basis of quantal neuroscience. At the beginning of the 1950s, while electrophysiologically investigating postsynaptic potentials at frog muscles, Fatt and Katz observed the occurrence of spontaneous small monophasic potentials (with quite constant amplitude, Fatt and Katz, 1952; Boyd and Martin, 1956a) . Further analysis revealed that responses to stimulation were made up of single unitary potentials, which were identical in size and shape to the spontaneous potentials (del Castillo and Katz, 1954; Boyd and Martin, 1956b) . These units were termed quanta, and were later shown to correspond to the fusion of single vesicles (Katz, 2003) .
Although the quantal hypothesis is based on the assumption that single spontaneous quanta are identical to the building blocks of stimulated release, this has never been demonstrated beyond doubt. There is substantial evidence, from many preparations, that basically all vesicles can be released upon stimulation (see above), of pHluorin, demonstrating the retrieval of "stranded" vesicle membrane upon stimulation. "Stranded" vesicles (vesicles present on the plasma membrane before stimulation) therefore appeared to be an integral part of vesicle recycling.
The stranded molecules organized in clusters of synaptic vesicle protein, which again were clearly involved in synaptic vesicle recycling, as they were endocytosed relatively rapidly (Willig et al., 2006) . More direct experiments investigated the issue by using pHluorins and removing the surface-expressed proteins either by illumination-induced bleaching (Fernandez-Alfonso et al., 2006) or by inserting a TEV-protease cleavage site in the construct and removing surface-expressed pHluorin enzymatically (Wienisch and Klingauf, 2006) . The non-fluorescent surface molecules were taken up during stimulation, again demonstrating that they can take part in vesicle recycling.
The size of the stranded pool varies somewhat depending upon the protein and the tool used: synaptobrevin-pHluorin has been reported to have a surface expression of 10-15% (Sankaranarayanan et al., 2000) or up to ∼24% (Granseth et al., 2006) ; ∼8% has been reported for synaptophysin (Granseth et al., 2006) ; ∼2% for the glutamate transporter vGlut1 (Balaji and Ryan, 2007) ; and ∼24% for synaptotagmin (Wienisch and Klingauf, 2006) . Finally, studying native synaptotagmin localization reported that ∼19% of all synaptotagmin is present on the surface (Opazo et al., 2010) -with all values obtained from hippocampal cultured neurons. Undoubtedly, some of the differences may be due to overexpression artifactsespecially as the pHluorins do not appear to be organized in clusters on the plasma membrane, while the native synaptic proteins are always found clustered (Opazo et al., 2010) , in what would appear to be a tag-induced mislocalization.
At least for synaptotagmin, the surface pool of the native protein was identical in size with the RRP (Opazo et al., 2010) . By definition, the surface pool cannot be regarded as part of the RRP, but of the recycling pool -as these are certainly rapidly recycling vesicles, although not "ready for release", but rather "ready for endocytosis" (Figure 1C) . However, it would be interesting to know whether endocytosed surface pool vesicles display different, possibly higher release properties than the remaining recycling pool vesicles, underlining their interplay with the RRP.
"new" poolS: tHe Super-pool
Since the start of synaptic research, it has been generally assumed that synapses function as individual units, with individual vesicle recycling and little intermixing between terminals. The concept is in perfect agreement with results obtained from cultured hippocampal neurons, indicating that after stimulation synaptobrevin is retrieved from the presynaptic membrane and from adjacent axonal regions by endocytosis, and is then returned to the vesicle cluster (Li and Murthy, 2001 ). Synapsin, a protein thought to participate in interlinking synaptic vesicles, similarly diffuses from the synapse into the axon during activity, and returns upon cessation of stimulation (Chi et al., 2001) .
However, recent studies have shown that the exchange of vesicles among boutons is actually substantial: vesicles (and even whole release-competent vesicle clusters) labeled with styryl dyes in cultured hippocampal neurons were transported along axons both antero-and retrogradely (Krueger et al., 2003; Darcy et al., 2006) . when used in high concentrations, which may thus lead to differences between FM 2-10 and FM 1-43 (Zhu and Stevens, 2008) . Finally, another study suggested that FM 1-43 can also be used to differentiate between spontaneously and actively recycling vesicles in brain slices (Mathew et al., 2008) -to some extent further confusing the FM dye issue.
Two further pieces of evidence argue for the presence of separate pools of actively and spontaneously recycling vesicles. First, application of dynasore, an inhibitor of the endocytic GTPase dynamin (Newton et al., 2006) blocked activity-dependent, but not spontaneous release (Chung et al., 2010) . Second, a novel labeling technique has been used to test this issue: the vesicular protein synaptobrevin was tagged with a biotin acceptor peptide and was coexpressed with a biotin ligase in cultured hippocampal neurons (Fredj and Burrone, 2009 ). This procedure resulted in the biotinylation of synaptobrevin, with biotin detected upon exocytosis by fluorescently labeled streptavidin. By employing differently colored streptavidin at rest or under high potassium stimulation, the vesicles involved in both release modes could be selectively stained; the spontaneously and actively recycling vesicles appeared to be completely independent.
In summary, the question whether spontaneous and activitydependent release originate from the same vesicle pool or whether two distinct pools drive these modes of release is still not resolved -far from it. One comment is that the model system used in most of the studies described above, cultured hippocampal neurons obtained from postnatal rats, is highly dependent on culturing/stimulation conditions, with slight differences potentially inducing conflicting results. The choice of cultures of slightly different ages, densities or activity rates may also induce differences. Recently, more "natural" preparations have been used, such as brain slices from animals from postnatal days 6-8 (Chung et al., 2010) or 18-25 (Mathew et al., 2008) ; this approach should be continued, with more experiments performed on acute slices, and the range of preparations should be expanded to other "classical" models such as the different NMJs.
We conclude that this issue remains controversial, and, since it was mainly tested in only two preparations (hippocampal cultures and brain slices), it is too early to introduce the spontaneously recycling vesicles in the general pool model (Figure 1) . Interestingly, the intermixing between the recycling and reserve vesicles may explain some of the conflicting results. Spontaneous labeling experiments are typically longer-lasting than active stimulation experiments, and therefore offer more time for the newly recycled vesicles to mix into the reserve pool, from which they would be harder to re-release (although one should mention that this issue has been at least partially tested, and found not to affect greatly the difference between spontaneously and actively recycling vesicles, Sara et al., 2005) .
"new" poolS: tHe Surface pool
The first investigations of vesicular proteins present on the plasma membrane indicated hardly any surface expression of synaptophysin in the frog NMJ (Valtorta et al., 1988) or of synaptotagmin in rat hippocampal neurons (Kraszewski et al., 1995) . However, Gandhi and Stevens (2003) used synaptobrevin-pHluorin to visualize the recycling of single vesicles in hippocampal cultures. Occasionally, action potentials were followed by the endocytosis of single quanta angular distribution, and directly proportional to the wavelength. For over a century, this diffraction limit (which translates into at least ∼200 nm for most light microscopy applications) could not be overcome. STED microscopy is one of several new imaging concepts (Hell, 2007) which break the diffraction barrier. In STED, the diffraction-limited excitation beam is overlaid with a doughnutshaped depletion beam (Hell and Wichmann, 1994) . This depletion beam deexcites (depletes) the fluorescent molecules by stimulated emission. As the depletion beam has nearly zero intensity in the center, the fluorophores excited in this very small central spot are not quenched, and thus fluorescence is collected only from a small sub-diffraction spot. Using this method, substantial vesicle movement was detected in cultured hippocampal neurons (Westphal et al., 2008) ; vesicles typically moved randomly, although directional movement was also observed, especially in axonal regions. Intriguingly, vesicles were occasionally trapped in "hot spots", areas of low mobility which assembled in what resembled synaptic boutons, possibly reflecting "pockets" within vesicle clusters. These observations correspond to the so-called "stick-and-diffuse" model of vesicle movement, in which vesicles diffuse freely and bind from time to time to structures within the terminal, becoming transiently stuck (Shtrahman et al., 2005; Yeung et al., 2007) . These findings were extended in a subsequent study (Kamin et al., 2010) , which also added the observation that whereas recently endocytosed vesicles were quite mobile, they lost this mobility over hours, as they integrated into the stable vesicle cluster. Importantly, both recently endocytosed and "mature" cluster-integrated vesicles did not display any change in mobility upon stimulation, in agreement with the studies mentioned above. However, when activity was inhibited by blocking action potentials via tetrodotoxin, the movement of the vesicles decreased significantly faster (within a few minutes).
With recently endocytosed vesicles being undoubtedly part of the recycling pool, and with the "mature" ones likely representing the reserve pool (Kamin et al., 2010) , it is again tempting to hypothesize that the recycling pool is mobile, while the reserve is not (as in the frog, see above). The fact that the mobile vesicles became fixed over hours is in good agreement with a high intermixing rate of reserve and recycling vesicles, as in the pool model we proposed above ( Figure 1C ).
In the model of synaptic pools we propose ( Figure 1C) , we termed the reserve pool "mature". This terminology refers to the fate of a vesicle after recycling, considering endocytosis to be the first event in the life of the particular vesicle. A newly endocytosed vesicle belongs to the mobile recycling pool (Kamin et al., 2010) , and therefore is more likely to release again (and maintain its recycling pool tag). Over time, these vesicles lose both their mobility and their ability to release, and integrate into clusters. From a temporal point of view, they are "older" vesicles, with "mature" being the simplest term to define them. This phenomenon has been substantiated not only by STED imaging of vesicles (Kamin et al., 2010) , but also by several FM dye release studies (for example Richards et al., 2000 Richards et al., , 2003 Pyle et al., 2000; Rizzoli and Betz, 2004) . From such studies it is clear that newly recycled vesicles turn over time into "mature", less releasable vesicles -many vesicles become reluctantly releasable, or occasionally cannot even be released by massive activity such as thousands of stimuli at high frequency.
FRAP (fluorescence recovery after photobleaching), a method involving the bleaching of a small part of the preparation followed by monitoring the fluorescence recovery in this region, demonstrated the entry of a substantial proportion of vesicles into synaptic boutons, coming from neighboring boutons. With the advent of super-resolution microscopy, the exchange between synapses could not only be confirmed, but also monitored on a single vesicle level (Westphal et al., 2008; Kamin et al., 2010) . Recently, the concept of the super-pool was also extended to hippocampal slices (Staras et al., 2010) .
As exchanged vesicles could undergo fusion with normal kinetics , the super-pool seems to overlap at least partially with the recycling pool. However, reserve pool vesicles are exchanged as well Kamin et al., 2010) , and synaptobrevin-pHluorin molecules from both the recycling and the reserve pool vesicles were found to be exchanged between synapses (Fernandez-Alfonso and Ryan, 2008). Thus, the super-pool extends the general three-pool model: the pools defined in the past are no longer limited to single synaptic boutons, but instead can be exchanged across multiple synapses ( Figure 1C) .
veSicle mobility
A general assumption in synaptic vesicle recycling has been that synaptic vesicles are quite stable at rest, but move actively toward active zones upon stimulation. That most vesicles are stable at rest has been repeatedly verified, with movement of styryl dye labeled vesicles clearly constrained in the frog NMJ or in hippocampal cultures (Jordan et al., 2005; Shtrahman et al., 2005) . Vesicle mobility could only be observed under non-physiological conditions, such as the treatment with the phosphatase inhibitor okadaic acid (Betz and Henkel, 1994; Shtrahman et al., 2005) . Vesicles did not appear to move much more upon stimulation , with their mobility remaining limited (Henkel et al., 1996; Lemke and Klingauf, 2005) -contradicting the old expectation that vesicles should move to the active zone.
A more recent FRAP study reported that vesicles in the recycling pool of the frog NMJ were mobile at rest, while the larger reserve pool was immobile (Gaffield et al., 2006) . The mobility of the recycling vesicles never increased under stimulation, but the reserve pool became mobile after prolonged heavy stimulation, eventually reaching the mobility of the recycling pool (Gaffield et al., 2006) . A similar study in the mouse NMJ noted that the vesicles appeared to be immobile at room temperature, but that their mobility increased strongly at physiological temperature ; with most studies performed at room temperature, this study still awaits confirmation in other mammalian preparations. However, a simple conclusion can be already gathered: synaptic vesicles do not travel toward the active zone upon stimulation. Rather, the majority (reserve pool) may be kept "fixed", with only the recycling pool moving (randomly?) both at rest and under stimulation.
To obtain a better understanding of vesicle mobility, single synaptic vesicles have been recently tracked by stimulated emission depletion (STED) microscopy (Westphal et al., 2008) . Conventional light microscopy is well-suited for live imaging, but is limited by the diffraction limit of light (Abbe, 1873) : the distance that can be resolved between two objects is inversely proportional to the light's At any rate, a conclusion on the general vesicle mobility we propose is that a certain amount of mobility of the recycling pool is sufficient both at rest and under normal (physiological) stimulation conditions. Therefore, no major changes in vesicle mobility should be expected upon (stimulated) activity.
modelS of veSicle recycling
One of the long-standing debates in the synaptic field is whether vesicles exocytose by collapsing into the plasma membrane, to be later retrieved by clathrin-coat mediated endocytosis, or whether they only fuse transiently, through a small fusion pore (kiss-andrun) . This question has been focused on for more than three decades (see for example the classical review of Ceccarelli and Hurlbut, 1980) . Whereas the existence of clathrin-mediated endocytosis at synapses is well-established (and discussed in several excellent recent reviews, for example Granseth et al., 2007; Jung and Haucke, 2007; Maritzen et al., 2010; Pechstein et al., 2010; Royle and Lagnado, 2010) , the role of the kiss-and-run pathway is still controversial. Furthermore, it is unclear whether different vesicle pools use different modes of recycling.
Several years ago, two important pieces of evidence were obtained in cultured hippocampal neurons. The fusion of single synaptic vesicles was imaged using pHluorins (Gandhi and Stevens, 2003) and FM dyes (Aravanis et al., 2003) , and both studies concluded that synaptic vesicles can fuse via kiss-and-run: rapidly endocytosing vesicles were observed in pHluorin imaging, and FM dye release suggested that the same individual vesicle can release multiple times, without losing the full amount of FM dye -which would have been lost upon collapsing into the membrane. In agreement with these studies, a substantial amount of FM dye is retained in recycling vesicles (Harata et al., 2006) .
However, a subsequent study of FM dye release indicated that at least a large fraction of the vesicles participate in full fusion, losing their entire FM dye contents (Chen et al., 2008) , and another study, using pHluorins, suggested that inhibition of clathrin activity removes essentially all endocytosis (Granseth et al., 2006) , arguing in favor of full collapse followed by clathrin-mediated endocytosis as the major mechanism of vesicle recycling. Full collapse is also in agreement with the possibility to label recycling vesicles by bulky molecules such as antibodies (Willig et al., 2006) .
New evidence for kiss-and-run was obtained from a study taking advantage of the size and pH-dependent fluorescence change of quantum dots (Zhang et al., 2009 ). Vesicles were labeled by endocytosis of quantum dots; upon subsequent fusion, the quantum dots displayed increased fluorescence, due to the change from acidic to neutral pH, as for the pHluorins (see above), without, however, leaving the vesicle they occupied. The study also suggested that the same synaptic vesicles may participate in both kissand-run and full collapse fusion -which explains why inhibition of one of the pathways may eventually remove all endocytosis (see above; however, see also Granseth et al., 2009, for alternative interpretations) .
A further prominent argument for kiss-and-run fusion has been derived from capacitance measurements on the calyx of Held, which indicated very rapid endocytosis (Sun et al., 2002; Wu et al., 2005) . Capacitance measurements provide the advantage of much higher time resolution, as compared to imaging. However, Clearly, some reserve pool vesicles would eventually need to replace the newly cluster-integrated recycling vesicles (or the synapse would run out of releasable vesicles). However, it has been strangely difficult to observe this by FM imaging -slowly releasable vesicles (reserve vesicles) remain so over time. A simple interpretation is that they do indeed turn into mobile recycling vesicles, but only after fusion: after releasing their contents of FM dye, and becoming invisible for fluorescence microscopy. In agreement with this hypothesis, these vesicles appear immobile over tens of minutes under low-or moderate-frequency stimulation (although the dye is slowly lost from the terminals, indicating that the vesicles do fuse to release it, without becoming more mobile for any substantial time period before the release step, Betz and Henkel, 1994 ; see also Henkel et al., 1996; Gaffield et al., 2006) . In contrast, when using antibody labeling, rather than FM dyes, the mobility of (previously immobile) reserve vesicles increases dramatically after release and endocytosis (their mobility can be still followed as these vesicles remain labeled after the endo-exocytosis step -unlike FM dyes, the antibodies are not lost upon fusion). This experiment (Kraszewski et al., 1996) thus provides a good example for reserve vesicles becoming mobile recycling vesicles after endocytosis. How would largely immobile vesicles reach the active zones to fuse (and then become mobile)? As indicated by Kamin et al. (2010) , the exchange of vesicles between synapses is equally efficient for reserve or recycling vesicles, despite the differences in their mobility (see also Darcy et al., 2006; FernandezAlfonso and Ryan, 2008) . Therefore, it is not inconceivable that the largely immobile reserve vesicles are transported occasionally to the active zone, in order to be able to dock and fuse. In agreement with this hypothesis, substantial numbers of reserve vesicles are docked at active zones (Rizzoli and Betz, 2004; Denker et al., 2009; see above) .
Thus, we do not see reserve vesicles as "immature" vesicles which would slowly mature into recycling ones. The reserve status represents the eventual fate for all recycling vesicles, being thus the last step in the endocytotic cycle of the recycling vesicle. We therefore decided to use the term "maturation" for the transformation of the mobile recycling vesicle into the fixed reserve vesicle.
What would restrict the movement of reserve vesicles, and why would this restriction apply less to the recycling pool? Synapsin has been proposed to interlink vesicles, especially the reserve pool (Pieribone et al., 1995) , and synapsin knockout mice typically have relatively serious synaptic phenotypes, such as higher synaptic depression, lower vesicle numbers or difficulties in recovering after stimulation (for example Li et al., 1995; Gitler et al., 2004) . However, elimination of synapsin does not remove all filaments interlinking vesicles (Siksou et al., 2007) , and the synaptic vesicle mobility in synapsin-null mice was indistinguishable from that of wild type mice . Nevertheless, synapsin would still make a perfect candidate for the "glue" of the reserve pool: it does bind vesicles, but not fused vesicles (Bloom et al., 2003) , and therefore vesicles which frequently recycle may bind fewer synapsin molecules, and as a consequence remain mobile (as will be further discussed below). In agreement with this model, the ribbon synapses of the organ of Corti and the retina, which lack synapsin (Mandell et al., 1990) , display high vesicle mobility (Holt et al., 2004) . the vesicle content of hair cells (which participate in synaptic transmission in the auditory pathway) when active zones were perturbed (Khimich et al., 2005) .
We would tentatively conclude that multiple vesicle recycling routes are used by synaptic vesicles, with the choice of pathway possibly depending on stimulation frequency -with kiss-and-run, for example, appearing to increase upon rapid stimulation (Zhang et al., 2009 ). For instance, bulk endocytosis seems to be associated specifically with strong stimulation protocols, which may selectively trigger release of reserve pool vesicles; however, the specific use of any one of the other pathways (kiss-and-run, clathrin-mediated endocytosis, endosomal sorting) by specific pools of vesicles remains to be elucidated.
molecular tagS diStinguiSHing between tHe poolS?
Synaptic vesicle pools may be differentiated by a molecular tag, by a protein (or set of proteins) which is present selectively on one pool of vesicles. The complement of proteins associated with synaptic vesicles has been recently clarified (Takamori et al., 2006) . Some proteins, such as synaptobrevin, synaptotagmin or synaptophysin are present at high levels (about 70 copies of synaptobrevin would be present on one average vesicle, with ∼15 for synaptotagmin I and ∼30 for synaptophysin). These abundant proteins are unlikely to represent pool tags, but rather a basic protein set common to all vesicles. Other proteins, however, were much less abundantsuch as the endosomal SNARE fusion proteins; these are present in one or a few copies per vesicle (Takamori et al., 2006) . It is easy to hypothesize that these unabundant proteins are actually present in high copy numbers only on some vesicles (in a specific pool of vesicles), perhaps thus representing pool tags.
The intermixing between vesicle pools, as observed in many preparations on timescales of minutes or at most hours, could perhaps arise from the intermixing of synaptic vesicle components during recycling. With one vesicle separating in two components upon fusion (Zhu et al., 2009) , the different pool types may exchange biochemical tags on the plasma membrane. However, recent evidence argues against a strong intermixing of vesicle components upon fusion (Opazo et al., 2010) . Furthermore, intermixing after exocytosis would require that both recycling and reserve pool components are always present on the plasma membrane, which would suggest that both pools recycle simultaneously -in disagreement with most vesicle pool studies.
However, as indicated above, it is also possible that the pool tag is not a permanent one -i.e., not a transmembrane protein which would only be lost from the vesicles upon recycling. Rather, it is possible that pool status is determined by affiliation with a soluble protein. As suggested above, synapsin binds normal, internalized vesicles, but not fused ones (Bloom et al., 2003) . Upon endocytosis, the recycling vesicles would remain mobile as long as they are not bound by a sufficient number of synapsin molecules (with the average vesicle containing ∼8 synapsin molecules, Takamori et al., 2006) . Upon strong synapsin binding (Bloom et al., 2003) , the recycling pool vesicles would be cross-linked to other vesicles within the cluster, and would turn into (immobile) reserve pool vesicles. Synapsin binding might well be regulated by activity, as inactivity promotes loss of mobility (see above, Kamin et al., 2010 ) -although clear evidence for such a model is yet to be obtained. using the same technique and an inhibitor of fusion (botulinum toxin), it was suggested that at least some of the fast capacitance transients were not related to synaptic transmission (Yamashita et al., 2005) . More recent evidence investigating the fusion and endocytosis of single vesicles on small membrane areas has again provided arguments in favor of rapid endocytosis (He et al., 2006) , which, intriguingly, may not actually work for the RRP, as has been often assumed, but for other (presumably recycling pool) vesicles (Wu and Wu, 2009) . One may tentatively conclude that, while the debate on the role of kiss-and-run still continues, it is not inconceivable that the same vesicles could participate in both kiss-and-run and full fusion, perhaps at different times or under different conditions -although the molecular mechanisms behind kiss-and-run fusion are still to be identified. An interesting related finding has been recently reported in cultured hippocampal neurons: single vesicle fusion followed by dual retrieval (Zhu et al., 2009) . The authors employed a new pHluorin variant, in which multiple pHluorins are tagged to synaptophysin, providing a better signal-to-background ratio. The reporter allowed for tracking of individual vesicles following exocytosis, and revealed that the release of one vesicle was followed by two internalization events, one with a rapid and one with a slow time-course. Although this paradigm appears to be in agreement only with full fusion (in kiss-and-run one vesicle could not separate into two), it points to a heterogeneity in vesicle retrieval which has been rarely hypothesized in the past.
Two other recycling models have been debated, with most studies concurring on their existence: bulk endocytosis, in which vesicles are generated from large membrane infoldings arising from the exocytosis of many vesicles in quick succession, and endosomal sorting, where the recently endocytosed vesicles fuse with a sorting endosome, from which new vesicles will bud in turn. Substantial evidence for bulk endocytosis has been obtained, for example, in cultured cerebellar granule neurons (Clayton et al., 2008) and the calyx of Held . Importantly, one of the molecular players involved in bulk endocytosis was recently identified in the lamprey, syndapin (Andersson et al., 2008) . Although already proposed by Heuser and Reese (1973) , endosomal sorting has received relatively limited evidence. In an important study, endosomes were labeled in the Drosophila larva NMJ, and they were observed to recycle membrane along with the synaptic vesiclesone of the only studies to date to show the recycling of endosomal membrane upon stimulation in synapses (Wucherpfennig et al., 2003) . More recent findings from hippocampal cultures include changes in synaptic vesicle recycling upon inhibition or knockout of members of endosomal pathways (Voglmaier et al., 2006; Glyvuk et al., 2010) . In addition, recently endocytosed vesicles can fuse with purified bona fide early endosomes , although only to a rather limited level. Interestingly, the large organelles associated with bulk (or endosomal) endocytosis may depend upon the integrity of the active zones. Substantial endocytosis close to active zones has been observed in the past, occasionally even in the form of bulk-like infoldings (for example in the frog NMJ, Ceccarelli et al., 1979 ; Drosophila photoreceptor cells, Koenig and Ikeda, 1996 ; the Drosophila NMJ, Koenig et al., 1998 ; or the snake NMJ, Teng et al., 1999; Teng and Wilkinson, 2000) , and large membrane compartments (possibly arising from bulk endocytosis) replaced much of investigation of activity in both excised NMJs (Tabares et al., 2007; Wyatt and Balice-Gordon, 2008 ) and entire brain regions (Li et al., 2005; Petzold et al., 2008) , is clearly an important step forward. 
concluSion
The synaptic vesicle pool field has strongly advanced in the last few years, with some new concepts, such as the surface pool or the superpool, being now well accepted. Others are still controversial, such as the role and pool affiliation of the spontaneously fusing vesicles. However, the field of vesicle pool research seems to have approached a stage at which further understanding depends not only on technical improvements, but also on a shift towards more physiologically relevant studies -observing not what the system can be forced to do under strong stimulation, but how it works under native conditions. In this context, the role of the reserve pool needs further clarification -are these vesicles ever called into action in vivo? In other words, is activity in vivo strong enough to require the use of reserve vesicles?
A further major challenge for the pool field will be the in vivo application of imaging approaches that were established mainly in vitro. The development and use of pHluorin tools in mice, for
